Relative tautomerisation energies, enthalpies, entropies, Gibbs free energies, and dipole moments for 5-methyl-2,4-dioxo-imidazolidine and its thio analogous have been studied in the gas phase using hybrid density functional at the B3LYP level of theory using 6-31(d) and 6-311+(2df,2p) basis sets with full geometry optimization. A comparative investigation of their energies revealed that the keto form of the compound is the predominant tautomer with a very high tautomeric energy barrier. The findings conclude that the intramolecular prototropic tautomerisation process is thermodynamically unfavored.
Introduction
The prototropic tautomerisation and intramolecular proton transfer of the keto-enol reactions of heterocyclic systems with several basic centers, O, N and S atoms, are of great interest to medicinal and biochemical applications. Also, understanding of the relative stabilities of heterocyclic tautomers and any subsequent conversions between tautomeric forms is very vital for both structural chemists and biologists 1, 2 . Along this line, relative stabilities of various tautomeric structures of five-, six-(oxo and thioxo groups in positions 2 and 4 respectively) and seven-membered heterocyclic rings (oxo and thioxo groups in positions 3 and 5 respectively) were investigated using both theoretical and experimental tools [3] [4] [5] [6] [7] [8] [9] [10] [11] . Both tools indicate that in these compounds the thioxo, dioxo or dithio tautomer is most stable.
Particularly important are hydantoins for having different therapeutic activities including anticonvulsants, antiarrhythmic, bactericides, fungicides, and anticancers. Their anticonvulsant activity has been investigated for tens of years [12] [13] [14] [15] [16] [17] . Hydantoins molecules form two chains linked by N-H O hydrogen bonds, from which inversion centers create a chain of rings. The chemical reactivities of hydantoins are primarily determined by the stability of their corresponding tautomers 18 .
The common studies of tautomerisation of carbonylic and thiocarbonylic compounds such as uracil, thiouracil, 1,2,4-triazepines, oxazolidine and thiazolidine, can anticipate that 5-methyl-2,4-dioxo-imidazolidine and its thio analogous may exhibit five different tautomeric structures with different conformations. These tautomers have been covered extensively in the literature. However, this study employs density functional theory (DFT) on the corresponding potential energy surface (PES) aiming at further investigation of those structures and to present a complete analysis of their relative stabilities in the gas phase. This work includes exploring the energetic barrier and consequently the thermodynamic feasibility of every possible tautomerisation. Also, the impact of substitution on the optimized geometric parameters including bond lengths, bond angles and bond densities is analyzed.
Computational methods
The B3LYP hybrid density functional was employed to fully optimize molecular geometries of four imidazolidine derivatives in the gas phase, namely: 5-methyl-2,4-dioxo imidazolidine (1), 5-methyl-2-thio-4-oxo-imidazolidine (2), 5-methyl-2-oxo-4-thio-imidazolidine (3), and 5-methyl-2,4-dithioimidazolidine (4), respectively 19, 20 . A total of thirty six different forms were optimized using the 6-31G(d) basis set and then to obtain structural, electronic and energetic information. The harmonic vibrational frequencies were also calculated at the same level of theory to ensure that each stationary point corresponds to a true local minimum on the potential energy surface (PES) and transition state (TS), and to estimate the zero-point energy (ZPE) corrections. A similar procedure was adapted to locate the transition states (TSs) associated with prototropic tautomerisation processes. The TSs have been named by indicating the two minima that they connect.
Subsequent calculations of the single point energies of all the systems included in this study have been performed using B3LYP\ 6-311+(2df,2p) level of theory to obtain more reliable energies of both local minima and the transition states. Also, relative energies were computed by subtracting the most stable energy after including the corresponding ZPE corrections scaled by an empirical factor 21 of 0.9806. Enthalpies ∆H, and Gibbs free energies ∆G, were calculated by considering the thermal corrections at 298.15 K and the values obtained for the entropy by using the harmonic vibrational frequencies.
The basis set superposition error (BSSE) is not taken into consideration in this study because for the employed DFT and DFT/HF hybrid methods, this error is usually small when the basis set expansion is sufficiently flexible 22 . Finally, the charge densities and electron densities were mapped by means of the atoms in molecules (AIM) theory of Bader through locating the relevant bond critical points 23, 24 . All DFT calculations were carried out using the Gaussian 03 software package while AIM calculations used AIMPAC program. The calculated values of dipole moments µ, and the corresponding relative energies ∆E, ∆H, ∆G, and entropies ∆S, in kcal/ mol for all the systems including transition states considered in this study are listed in Table 1 .
Results and Discussion

Tautomerisation
For 2,4-dioxohydantoin, several experimental techniques and high level computations have revealed that the tautomer A is predominant in both gas and solution phases 25 . Along this line, our current DFT calculations agree with these previous findings, where for all compounds and in all cases probed, the tautomer A is the lowest energy structure with energy preference of 2.5 kcal/mol compared to tautomer 4E of 5-methyl-imidazolidine-2,4-dithione compounds.
For dioxo derivatives (1), the computed order of stability of tautomers in gas phase was rated as A > B ≈ D > C > E. These findings agree with published theoretical and experimental studies for hydantoin which also concluded that the dione tautomer, A is the most stable one 25 . Contrary to Kleinpeter et al, tautomers B and D are almost degenerate while the relative stabilities of tautomers C and E are reversed 25 . However, tautomers B and D are the most stable tautomers amongst all the enolic structures where they are 17.4 kcal/mol less stable than tautomer A. Though tautomers B and D are degenerate, conformer B1 is favorable than conformer D1 by 0.3 kcal/mol of stability.
The disparity in the stability order can be attributed to the presence of the electrondonating CH 3 group, substituted at position 5 within the hydantoin ring. It should be noted that the two carbonyl groups on positions 2 and 4 are competitors.
For 5-methyl-2-thio-oxo-imidazolidine system (2), the stability revealed from data in Table 1 comes in the order of A > D > C > E > B. The energy difference between gas phase tautomer A, the most stable tautomer of (2), and tautomer D, as the second most stable one, is about 13.8 kcal/mol. Therefore, a negligible expected amount of gas phase tautomer D would be in equilibrium with tautomer A. Evidently, the calculations here concluded that the gas-phase tautomerisation process of the O atom at position 4 is favored over the S atom at position 2. Table 1 . Relative energies (kcal/mol), Enthalpies (298 K, kcal/mol), Gibbs free energies (298 K, kcal/mol), and Dipole moments (in Debye) for the different 5-methyl-2,4-oxo/thioimidazolidine compounds studies. For 5-methyl-2-oxo-4-thio-imidazolidine (3), the data listed in Table 1 show that the most stable conformers in the gas phase are following the trend A > E > B > D > C. The most stable diketo tautomer A, is about 6.0 kcal/mol more stable than the most stable enolic structure, E. Noticeably, the same trend remains valid when the dithio system (4) is being investigated where the most stable enolic conformer, E is less stable than A tautomer by about 2.6 kcal/mol.
Prototropic tautomerisation
A possible prototropic tautomerisation in the gas phase is being explored by analyzing the energy profiles of the transition states connecting the keto form of A, the most stable tautomer from one side, and at the other side one of the two most stable enolic structures of each of our systems. Energy profiles computed at B3LYP/6-311+G(2df,2p)//B3LYP/6-31(d) level of theory are shown in Figure 2 (a-d). Activation energy barriers of all possible transition states involved in the mechanisms are also depicted in the same figure, as well as the relative energy values corresponding to the most stable tautomers as listed in Table 1 .
For 5-methyl-2,4-dioxo-imidazolidine system (1), as illustrated in Figure 2a , the tautomers B and D are degenerate. However, the transition state TS(A-B) is 0.8 kcal/mole more stable than the transition state connecting between A and D, TS(A-D). In other words, the 1,3 hydrogen shift from tautomer A to tautomer B through the TS(A-B) is favored over the 1,3 hydrogen shift from tautomer A to tautomer D through TS(A-D) by 0.8 kcal/mol. This indicates that the intramolecular prototropic tautomerisation at the oxygen atom attached to position 2 is energetically favored over the corresponding oxygen atom attached to position 4. Obviously, because of the high energy barrier, the intramolecular prototropic tautomerisation is thermodynamically unfavored. Similarly, for 5-methyl-2-oxo-4-thio-imidazolidine, (3), and 5-methyl-2,4-dithioimidazolidine (4), E is the most stable tautomer among all the enolic forms and tautomer B comes second most stable. However, the computed activation barriers of a possible tautomerisation from A-B through the transition state TS(A-B) is lower than that of A-E through the transition state TS(A-E).
It is worth mentioning that contrary to what have been concluded about uracil, thiouracil, and oxo/thio triazepines that their tautomerisation are favored at any S atom regardless of its position; tautomerisation here is thermodynamically favored at position 2, regardless of the type of the heteroatom attached to it. 
Structure and bonding
The optimized geometry parameters (bond lengths R, bond angles A) for all the studied compounds 1-4, and their gas phase tautomeric forms were computed at the B3LYP method using 6-31G(d) basis set. Some geometric parameters of the tautomers A, D and E of the compounds 1-4 are listed in Table 2 , while the other structural parameters are available from the authors upon request. A systematic inspection of the most stable tautomers A, of all the species under investigation concludes that [Me-C5-N1] fragment has roughly the same geometrical parameters (Table 2) . Also, the bonds C6-C5 and C5-N1 have about the same charge densities as well as electron densities at the bond critical points (Table 3 ). This may reveal that the impact of carbonyl and thiocarbonyl substituent is local and limited to the positions directly attached to the substituents, which are in a good agreement with the results obtained for the seven-membered triazepine ring 4 .
Both Table 2 and Table 3 show
that the structural features of N1-C2(O)-N2 or [N1-C2(S)-N2] and [N3-C4(O)-C5] or [N3-C4(S)-C5
] fragments are dependant on the type of the substituent at position C2 or C4. (1) and (2) (or (3) and (4)). It is evident, from Table 2 , that the bond lengths of N3-C4 and C4-C5 are longer for the 4-oxo than for the 4-thio derivatives. These findings are in good agreement with previously published findings of Lamsabhi et al. 4 . Table 3 . Charge density (ρ), electron density (∇ (ρ ), and energy density at the bond critical points (bcp) of tautomer A of 5-methyl-imidazolidine. In addition, charge densities of the bonds lengths of N1-C2 and C2-N3 are smaller for 2-oxo derivatives than their counterparts in the 2-thio-derivatives. The same trend is also true when the bond lengths of N3-C4 and C4-C5 of the 4-oxo derivatives are compared with their counterparts in the 4-thio derivatives (Table 4) . Table 4 . Harmonic vibrational frequencies (ν=cm -1 ) and infrared intensities (I) of the different 5-methyl-2,4-oxo/thio-imidazolidine compounds studies. Obviously, the tabulated results show that the geometrical parameters and charge densities are dependent on the substituents at positions 2 and 4. Also, the S atom is less electronegative than the O atom where C=O group depopulates the bonds to which it is attached to a greater degree.
The C2=O in N1-C2(O)-N3 fragment in the (3) (or (1)) compound appears redshifted in comparison with the counterpart C4=O in (2) (or (1)). Also, the stretching frequency band of the C=O bond is dependent on the relative position of the carbonyl group within the ring. Actually, the C2=O stretching band of (1) and (3) compounds appears at 1891 and 1887 cm -1 , respectively, whereas the C4=O stretching mode of the (2) and (1) has frequencies of 1853 and 1863 cm -1 , respectively (Table 4 ). This disparity in the frequency values can be explained in terms of the resonance between the C2=O and the two adjacent two nitrogen atoms. The C2=O linkage forms two resonances due to the conjugation of the lone pairs of the two adjacent nitrogen atoms with the carbonyl groups, while the C4=O is only involved in one resonance with the adjacent nitrogen lone pair. These predictions can be reached when the C=S stretching mode is considered, but in this case, and as it is well known, the C=S stretching mode appears usually coupled with other vibrational displacements.
Evidently, the intrinsic characteristics of the carbonyl and the thiocarbonyl groups change slightly depending on their relative positions within the ring. It is found that the carbonyl group attached to position 4 within the ring is stronger than the similar carbonyl group attached to position 2, as reflected in a smaller charge density at the bond critical point (Table 3) , however they have almost the same bond length.
Our computed results indicate that the C2=S bond is longer than the corresponding C4=S bond by about 1.1 pm (Table 2) . However, the former bond has a smaller charge density at the bond critical point than the later (Table 3) .
Another interesting example of the harmonic vibrational frequencies is shown in Table 4 that relates to the N-H stretching modes. The data indicates that in case of (1) compound, the N3-H stretching mode appears at 3646 cm -1 , while it is redshifted in all the systems when O atom is replaced by sulfur, except in the case of 5-methyl-2-oxo-4-thio-imidazolidine compound (3), which is blue-shifted by 16 cm -1 . The redshifted is maximum for the dithione derivatives, (4). These findings are in good agreement with previous experimental work of Rostkowska et al for 2-thio, 4-thio and 2,4-dithio uracil derivatives, and theoretical work of Lamsabhi et al for 3,5-oxo/thio 3,7-dimethyl-1,2,4-triazepines 26, 4 . The C=O (or C=S) groups attached to positions 2 and 4 of the hydantoin ring are used here as an example to explore the effect of the intramolecular 1, 3-dydrogen shift on the geometrical parameters. This effect can be investigated through the alteration in the bond lengths of the C=O and the C=S groups. The ring nitrogen lone pair electrons is conjugated with the C=O group in amides or with C=S in thioamides.
For 5-methyl-2,4-dithio-imidazolidine-derivatives (4), it is evident from Table 2 that the C2=S bond in tautomer D is 0.3 pm shorter than that in tautomer A. It shows more double bond character because of lack of conjugation of the sigma lone pair in D. On the other hand, the C2=S bond length of the tautomer E has more single bond character and has a longer bond length than A by 1.8 pm. This inconsistency in the bond length of the C2=S can be explained in terms of the resonance available between C2=S and the adjacent -N3-H group. In this case, the nitrogen lone pair of electrons is more involved in resonance with the two C2=S groups attached to positions 2 and 4 (Scheme 1), which is reflected by the shorter bond lengths. The same trends were also observed when the C2=S bond of the (2) derivatives are explored.
For 5-methyl-2-oxo-4-thio-imidazolidine derivatives (3), the C2=O bond of tautomer D has more double bond character and shorter bond length than the same bond in tautomer A. However, the C2=O bond of tautomer E has more single bond character and longer bond length than the same bond of tautomers A and B by 0.10 pm and 0.12 pm, respectively. The disparity in the length of C2=O bond could be attributed from one hand, to the involvement of the N3 lone pair in tautomer A in the resonance together with both C2=O and C4=S groups (see Scheme 1), while in tautomer E, on the other hand, the same N3 lone pair is involved with C2=O only in the resonance. Consistently, the C2=O has more single bond character than the corresponding bonds of tautomers A and D. The same trends were also observed when comparing the C2=O bond lengths of (1) 
Conclusion
In summary, we may conclude that among all the investigated 9 tautomeric structures, diketo/dithione forms are predominant in gas phase and are thermodynamically more stable than enol/thiol forms, with a high energy barrier. On the other hand, contrary to previous findings for uracil, thiourcail and oxo/thio triazepines, the tautomerisation process was always favored at the hetero atom (sulfur or oxygen) attached to position 4 within the fivemembered ring, though a competitiveness is clearly observed when the compound (1) is the system of concern.. Hence, the two oxygen atoms of the carbonyl groups attached to positions 2 and 4 have the same possibility to undergo the tautomerisation process. The computed relative energies of the enol/thiol forms with respect to its keto/thione forms are inversely proportional to the electronegativity, where the difference in the relative energies between those of dithione and thiol forms is smaller than those of diketo and enol forms. The tautomers' stability order is impacted by the electron donating group, CH 3 attached to position five in the hydantoin ring. The bond lengths, charge densities and the harmonic vibrations of the C=X (X=O and S) were investigated and showed small changes in their magnitudes as a result for tautomerisation.
